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HIGHLIGHTS 


►  Spherical  Ti02  nanorod  aggregates  were  fabricated  as  a  light-scattering  layer  in  dye-sensitized  solar  cells  (DSSCs). 

►  They  possess  a  large  surface  area  for  dye  adsorption. 

►  They  can  generate  efficient  light  scattering. 

►  They  favorize  long  exciton  lifetime. 

►  They  exhibit  improved  DSSC  performance. 
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A  new  bilayer-structured  photoelectrode  film  with  spherical  Ti02  nanorod  aggregates  as  a  light¬ 
scattering  overlayer  and  nanocrystalline  Ti02  as  an  underlayer  is  fabricated  and  studied  with  the  aim 
of  improving  energy  conversion  efficiency  in  dye-sensitized  solar  cells  (DSSCs).  An  overall  energy 
conversion  efficiency  of  6.10%  and  a  short-circuit  photocurrent  density  of  18.47  mA  cm-2  are  achieved  by 
introducing  a  spherical  Ti02  nanorod-aggregate  light-scattering  layer.  These  are  respectively  37.1%  and 
42.6%  higher  than  those  of  a  DSSC  using  a  conventional  200  nm-diameter  solid  Ti02  particle  light¬ 
scattering  layer.  These  improvements  are  attributed  to  the  spherical  Ti02  nanorod-aggregate  overlayer, 
which  has  a  large  surface  area  for  sufficient  dye  adsorption,  sub-micrometer  size  for  efficient  light 
scattering,  and  lower  surface  state  traps,  allowing  a  longer  exciton  lifetime. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Dye-sensitized  solar  cells  (DSSCs)  have  been  widely  recognized 
as  a  promising  alternative  to  conventional  silicon  cells  since  they 
were  reported  by  O’Regan  and  Gratzel  in  1991,  owing  to  their 
advantages  of  low  cost,  good  stability,  and  compatibility  with 
flexible  substrates  [1-5].  One  of  the  main  distinguishing  features  of 
DSSCs  is  their  mesoporous  wide  bandgap  semiconductor  photo¬ 
electrode,  which  adsorbs  dye  molecules  onto  its  surface  to  capture 
the  incident  photons  [6].  To  fabricate  efficient  DSSCs,  a  large  surface 
area  and  extensive  light  scattering  are  essential  for  obtaining  a  high 
light-harvesting  efficiency  from  the  photoelectrode  films  [7].  For 
conventional  DSSCs,  the  mesoporous  photoelectrode  films 
composed  of  small-sized  (usually  15-30  nm)  Ti02  nanocrystalline 
particles  are  advantageous  in  providing  a  large  surface  on  which 


*  Corresponding  author.  Tel.:  +86  29  84744097;  fax:  +86  29  84741918. 
E-mail  address:  xunjiasu@163.com  (X.-J.  Su). 

0378-7753 /$  -  see  front  matter  ©  2012  Elsevier  B.V.  All  rights  reserved. 
http://dx.doi.Org/10.1016/j.jpowsour.2012.06.104 


the  sensitizer  dyes  are  absorbed  [8].  However,  small  nanocrystal¬ 
line  particles  result  in  low-intensity  Rayleigh  back-scattering  [9,10], 
giving  low  solar  light  capture  by  dye  molecules,  especially  in  the 
600-800  nm  wavelength  range.  Hence,  an  additional  light¬ 
scattering  layer  consisting  of  large-sized  solid  particles 
(200-400  nm  in  diameter),  shown  in  Fig.  la,  has  been  widely 
accepted  to  guarantee  adequate  light  absorption  in  the  mesoporous 
films  by  increasing  the  optical  path  length  of  photons  and  confining 
the  incident  light  to  within  the  films  [11-14],  thereby  increasing 
DSSC  energy  conversion  efficiencies.  However,  such  large  particles 
offer  few  benefits  other  than  light  scattering.  The  surface  area  is 
decreased  by  these  large-sized  particles,  resulting  in  an  undesired 
reduction  in  dye  absorption  [15,16].  It  is  therefore  desirable  to  use 
an  efficient  light-scattering  layer  with  the  nanocrystalline  films  to 
prevent  the  loss  of  the  necessary  surface  area  for  dye  absorption. 

Several  groups  have  recently  attempted  to  employ  nano¬ 
crystalline  aggregates  as  light-scattering  particles,  because  their 
unique  structures  have  both  large  surface  areas  and  good  light- 
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Fig.  1.  Schematic  of  bilayer-structured  photoelectrode  films  with  different  light¬ 
scattering  layers:  (a)  large-sized  solid  particles;  (b)  spherical  Ti02  nanorod  aggregates. 


scattering  ability  [15-20].  A  bilayer  photoelectrode  film  with 
a  nanocrystalline  Ti02  underlayer  and  nano-embossed  hollow- 
sphere  Ti02  aggregate  overlayer  efficiently  generating  photo- 
excited  electrons,  had  good  light-scattering  properties,  and  high 
energy  conversion  efficiency  [16].  A  bilayer  photoelectrode  film 
with  mesoporous  Ti02  aggregates  as  the  light-scattering  layer 
showed  a  12.3%  higher  efficiency  than  a  bilayer  photoelectrode  film 
with  400  nm-diameter  solid  particles  as  the  light-scattering  layer 
[18],  suggesting  that  the  mesoporous  aggregates  might  show  both 
additional  dye  adsorption  and  efficient  light  scattering. 

Because  of  the  interesting  performance  of  nanocrystalline 
aggregates,  we  report  here  the  use  of  spherical  Ti02  nanorod 
aggregates  (NR-TiC^)  with  multiple  functions  as  the  light-scattering 
layer  (Fig.  lb)  in  the  bilayer-structured  photoelectrode  with 
a  nanocrystalline  TiCh  (NC-TiCh)  underlayer.  The  enhanced 
performance  of  such  a  bilayer-structured  photoelectrode  for  DSSCs 
was  studied  in  comparison  with  the  conventional  bilayer- 
structured  photoelectrode  using  commercial  200  nm-diameter 
solid  Ti02  particles  (SP-Ti02)  as  a  light-scattering  layer. 

2.  Experimental 

2.1.  Preparation  of  spherical  HO2  nanorod  aggregates 

All  the  chemicals  studied  in  the  experiments  were  analytical 
grade  and  were  used  without  any  further  purification.  The  NR-Ti02 
was  synthesized  via  a  facile  hydrothermal  method.  In  a  typical 
synthesis  [21],  5  mL  of  titanium  trichloride  (TiCh,  15  wt%)  was 
dissolved  in  30  mL  of  water,  and  then  supersaturated  NaCl  was 
added.  After  stirring  for  10  min  at  room  temperature,  the  aqueous 
solution  was  transferred  to  a  50  mL  Teflon-lined  stainless  steel 
autoclave  and  maintained  in  an  electric  oven  at  160  °C  for  2  h.  After 
cooling  naturally  to  room  temperature,  the  white  precipitate  was 
separated  via  centrifugation  and  then  washed  thoroughly  with 
deionized  water  and  ethanol.  The  wet  NR-Ti02  obtained  was  used 
to  prepare  NR-Ti02  paste. 

2.2.  Fabrication  of  DSSCs 

The  NR-Ti02  paste  was  prepared  by  the  following  procedure. 
The  wet  NR-Ti02  powders  were  directly  mixed  with  8  g  a-terpineol 
and  10  g  of  10  wt%  solution  of  ethyl  cellulose  in  ethanol  in  a  mortar 
grinder,  then  ground  for  1  h.  Finally,  the  mixture  was  stirred  with 
a  magnetic  bar  until  a  highly  viscous  paste  formed.  For  comparison, 
the  SP-Ti02  (Fleptachroma,  Dalian,  China)  paste  and  the  NC-TiC^ 
(P25,  Degussa,  Frankfurt  am  Main,  Germany)  paste  were  prepared 
by  a  similar  procedure  to  that  for  the  NR-TO2  paste.  The  latter  was 
coated. 

The  Ti02  paste  was  coated  onto  the  fluorine-doped  tin-oxide- 
coated  glasses  (FTO,  NSG  Group,  Tokyo,  Japan)  using  the  doctor- 
blade  method.  Prior  to  the  fabrication  of  Ti02  films,  the  FTO  glass 
supports  were  ultrasonically  cleaned  sequentially  in  chloroform, 
acetone  and  water  each  for  30  min.  The  NC-Ti02  paste  was  then 


deposited  onto  the  FTO  glass  support  by  using  a  doctor-blade 
technique  and  was  then  baked  over  an  alcohol  burner  for  1  min 
to  obtain  an  underlayer.  Using  a  similar  procedure,  the  as-prepared 
NR-Ti02  and  SP-Ti02  pastes  were  deposited  on  the  NC-Ti02 
underlayer  to  form  bilayer-structured  films  respectively.  The 
bilayer-structured  films  were  subsequently  heated  at  450  °C  for 
30  min.  Thicknesses  of  the  layers  are  given  in  Section  3.1,  below.  The 
films  were  then  immersed  in  a  40  mM  aqueous  TiCL*  solution  at 
70  °C  for  30  min,  rinsed  with  water  and  ethanol,  and  sintered  at 
500  °C  for  30  min.  After  cooling  to  80  °C,  the  bilayer-structured 
films  were  immersed  in  a  0.5  mM  N719  dye  [cis-bis(isothiocya- 
nato)-bis(2,2/-bipyridyl-4,4/-dicarboxylato)-ruthenium(II)bis-tet- 
rabutylammonium,  Solaronix  SA,  Aubonne,  Switzerland]  solution 
in  anhydrous  ethanol  and  kept  at  room  temperature  for  20-24  h  to 
assure  complete  sensitizer  uptake.  The  photoelectrodes  obtained 
were  then  rinsed  with  ethanol  to  remove  the  additional  dye. 
Counter-electrodes  were  fabricated  by  depositing  a  transparent 
platinum  thin  film  on  FTO  substrates  from  F^PtClg  isopropanol 
solution  using  a  spin-coating  and  pyrolyzing  method.  The  redox 
electrolyte  used  was  0.5  M  Lil,  0.05  M  I2,  0.3  M  l,2-dimethyl-3- 
propylimidazolium  iodide,  and  0.5  M  4-tert-butylpyridine  in 
acetonitrile.  The  two  electrodes  were  sealed  together  with  a  hot- 
melt  polymer  film  (Surlyn  1702,  DuPont,  Wilmington,  USA).  The 
active  area  of  the  resulting  cells  exposed  to  light  was  approximately 
0.36  cm2  (0.6  cm  x  0.6  cm). 
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Fig.  3.  (a)  TEM  image  of  spherical  Ti02  nanorod  aggregates;  (b)  HRTEM  image  of 
nanorods  in  spherical  Ti02  nanorod  aggregates. 

2.3.  Characterization 

The  morphologies  of  samples  were  examined  by  field  emission 
scanning  electron  microscopy  (FESEM,  JSM-6700F,  JEOL,  Tokyo, 
Japan)  and  transmission  electron  microscopy  (TEM,  JEM-3010, 
JEOL,  Tokyo,  Japan).  Phase  identification  was  conducted  by  X-ray 
diffraction  (XRD,  D8  ADVANCE,  BRUKER  AXS,  Karlsruhe,  Germany). 
The  surface  area  of  the  NR-Ti02  was  determined  by  a  Bru- 
nauer-Emmett-Teller  (BET)  N2  gas  adsorption/desorption  appa¬ 
ratus  (ASAP2000,  Micromeritics,  Atlanta,  USA).  The  amounts  of 
absorbed  dye  were  measured  by  desorbing  the  dye  from  the  dye- 
sensitized  films  in  a  0.1  M  NaOEI  solution  in  water  and  ethanol 
(1:1,  v/v),  and  then  the  concentration  of  desorbed  dye  in  the  NaOH 
solution  was  measured  using  an  UV— visible— NIR  spectrophotom¬ 
eter  (Lambda  950,  PerkinElmer,  Waltham,  USA)  [22].  The  reflec¬ 
tance  spectra  of  the  undyed  and  dyed  films  were  measured  using 
the  same  spectrophotometer  equipped  with  an  integrating  sphere 


assembly.  The  photocurrent— voltage  characteristics  and  open- 
circuit  voltage  decay  (OCVD)  of  solar  cells  were  recorded  by  CHI 
660C  workstation  (Chenhua,  Shanghai,  China)  under  simulated  AM 
1.5  sunlight  illumination  with  a  light  output  of  100  mW  cm-2.  The 
light  source  was  a  500  W  Xe  lamp  (Changtuo,  Beijing,  China) 
coupled  with  an  AM  1.5G  filter. 

3.  Results  and  discussion 

3.1.  Characterization  of  the  spherical  HO2  nanorod  aggregates 

Fig.  2a  is  a  typical  SEM  image  of  the  as-prepared  NR-Ti02, 
indicating  that  the  diameters  of  the  monodispersed  NR-Ti02  are  in 
the  range  of  200-400  nm.  Closer  observation  (Fig.  2b)  reveals  that 
the  NR-Ti02  is  composed  of  numerous  uniform  radial  nanorods, 
whose  diameters  and  lengths  are  about  10  and  150  nm  respectively. 
The  corresponding  TEM  image  (Fig.  3a)  further  confirms  that  all  of 
the  NR-Ti02  consists  of  uniform  nanorods,  and  this  unique  struc¬ 
ture  is  favorable  for  obtaining  high  surface  area.  The  surface  area  of 
the  NR-Ti02  determined  by  the  BET  method  is  109  m2  g_1,  which  is 
much  higher  than  that  of  NC-Ti02  (51  m2  g-1).  Further  examination 
of  the  nanorods  with  HRTEM  (Fig.  3b)  shows  that  they  are  single 
crystals,  completely  crystalline  along  their  entire  length.  A  (110) 
interplanar  distance  of  0.313  nm  is  clearly  observed,  consistent 
with  the  rutile  phase  (PDF#  21-1276),  and  this  is  further  confirmed 
by  the  XRD  patterns  (Fig.  4).  The  nanorods  grow  along  the  (110) 
crystal  plane  with  a  preferred  [001  ]  orientation,  since  the  Cl-1  ions 
in  the  hydrothermal  solution  preferentially  adsorb  on  the  (110) 
surfaces  and  retard  their  growth  rates  [23]. 

3.2.  Photovoltaic  performance  ofDSSCs 

To  investigate  the  effect  of  the  NR-Ti02  light-scattering  layer  on 
the  photovoltaic  properties  of  DSSCs,  bilayer-structured  photo¬ 
electrodes  made  from  NC-Ti02  underlayers  with  different  light¬ 
scattering  NR-Ti02  and  SP-Ti02  overlayers  were  prepared  using 
a  similar  procedure,  and  the  corresponding  samples  were  denoted 
as  NR-NC  and  SP-NC  respectively.  Fig.  5  shows  the  SEM  images  of  the 
NR-NC,  showing  that  the  total  thickness  of  the  NR-NC  film  is  about 
12  pm  and  the  thickness  of  the  NR-Ti02  overlayer  is  about  4  pm.  Fig.  6 
shows  the  photocurrent-voltage  (J—V)  curves  of  the  three  cells,  and 
the  results  are  summarized  in  Table  1.  The  cell  based  on  the  NR-NC 
photoelectrode  shows  a  short-circuit  photocurrent  density  (Jsc)  1.5 
times  higher  and  slightly  higher  open-circuit  voltage  (V0c)> 
compared  with  the  cell  based  on  the  SP-NC  photoelectrode.  In 
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Fig.  5.  (a)  Cross-sectional  SEM  image  of  a  bilayer- structured  film  showing  the  nanocrystalline  Ti02  underlayer  and  the  spherical  Ti02  nanorod-aggregate  overlayer;  surface  SEM 
images  for  (b)  spherical  Ti02  nanorod-aggregate  overlayer  and  (c)  nanocrystalline  Ti02  underlayer. 


comparison  with  pure  NC-TiC^,  the  NR-NC  shows  a  64%  increment  in 
Jsc  and  slightly  lower  V0o  As  a  result,  the  energy  conversion  efficiency 
of  the  NR-NC  is  the  highest  of  the  three  cells.  The  much  higher  Jsc  is 
probably  related  to  either  the  amount  of  dye  adsorbed,  or  light 
scattering,  or  both.  The  adsorbed  amounts  of  N719  dye  were  deter¬ 
mined  by  measuring  the  eluted  dye  concentration  from  the  porous 
Ti02  films  using  UV-visible  absorption  spectroscopy.  As  shown  in 
Table  1,  the  NR-NC  exhibits  1.2  times  more  dye  absorption  compared 
to  the  SP-NC,  and  therefore  the  much  higher  Jsc  observed  for  the  NR- 
NC  compared  to  the  SP-NC  is  mainly  attributed  to  the  larger  amount 
of  dye  adsorbed  on  the  NR-Ti02.  However,  it  should  be  noted  that  the 
NR-NC  also  shows  a  higher  Jsc  than  pure  NC-Ti02  in  spite  of  the  fact 
that  the  amount  of  dye  adsorbed  by  the  NR-NC  is  8%  lower  than  that 
adsorbed  by  pure  NC-Ti02.  This  might  be  due  to  a  difference  in  light¬ 
scattering  efficiency. 


3.3.  Light-scattering  ability  of  spherical  TUD2  nanorod  aggregates 

To  investigate  the  light-scattering  efficiency  in  detail,  the 
reflectance  of  each  film  was  studied.  Fig.  7  shows  the  UV-visible 
reflectance  spectra  of  the  films  derived  from  the  NR-NC  with  and 
without  N719  dye,  as  well  as  those  consisting  of  the  SP-NC  and  pure 
NC-Ti02.  As  shown  in  Fig.  7a,  the  NR-NC  and  SP-NC  films  have 
similar  reflectance  in  the  400-800  nm  regions,  which  is  much 


Fig.  6.  Photocurrent-voitage  curves  of  the  DSSCs  based  on  NR-NC,  SP-NC,  and  pure 
NC-Ti02  films. 


higher  than  that  of  pure  NC-TO2,  indicating  that  the  former  two 
films  have  better  light-scattering  ability  due  to  their  larger  particle 
size,  which  is  comparable  to  the  wavelength  of  white  light  [24]. 
Fig.  7b  shows  the  reflectance  spectra  of  the  above  dye-adsorbed 
films.  After  dye  loading,  the  reflectance  of  the  above  three  films 
decreases  drastically  in  the  short  wavelength  range  of 
400-600  nm,  which  is  mainly  due  to  light  absorption  by  the  dye 
molecules.  Furthermore,  the  dye-adsorbed  NR-NC  film  has  a  similar 
reflectance  to  that  of  dye-adsorbed  pure  NC-TiC^  film  in  the  short 
wavelength  range  (400-600  nm),  but  it  shows  a  much  higher 
reflectance  than  that  of  the  dye-adsorbed  pure  NC-TiCb  film  in  the 
long  wavelength  region,  comparable  to  that  of  the  dye-adsorbed 
SP-NC  film.  As  the  N719  dye  molecules  used  show  poor  solar  light 
absorption  ability  in  the  600-800  nm  long  wavelength  range, 
a  higher  reflectance  dye-adsorbed  film  in  this  range  indicates 
a  better  light-scattering  ability  [16].  Therefore,  the  light-scattering 
efficiency  of  the  NR-NC  film  is  similar  to  that  of  the  SP-NC  film,  but 
is  much  higher  than  that  of  the  pure  NC-TiC^  film.  Thus  its  higher  Jsc 
results  from  its  superior  light-scattering  efficiency. 

3.4.  Open-circuit  voltage  decay  (OCVD)  measurement 

The  OCVD  technique  has  been  employed  as  a  powerful  tool  to 
study  interfacial  recombination  processes  in  the  Ti02  DSSCs 
between  photoinjected  electrons  and  the  electrolyte  in  the  dark 
[25-27].  It  can  provide  some  quantitative  information  on  the 
electron  recombination  rate.  Fig.  8a  shows  the  OCVD  decay  curves 
of  the  cells  derived  from  the  NR-NC  and  SP-NC  films.  It  is  seen  that 
the  OCVD  response  of  the  cell  with  the  NR-NC  film  was  much 
slower  than  that  of  the  cell  using  the  SP-NC  film.  Since  the  decay  of 
the  Voc  reflects  the  decrease  in  the  electron  concentration,  which  is 
mainly  caused  by  the  charge  recombination  [25],  the  cell  using  the 
NR-NC  film  has  a  lower  electron  recombination  rate  than  that  of  the 
cell  using  the  SP-NC  film.  Under  the  present  open-circuit  and  dark 
state  conditions,  the  exciton  lifetime  (in)  in  DSSCs  can  change  with 
the  cell’s  Voc  due  to  the  shift  of  the  semiconductor  Fermi  level  [26]. 
Thus  the  effects  of  the  electron  traps  on  the  recombination  reaction 
can  be  qualitatively  explained  by  analyzing  the  change  of  Tn-Voc 
relation  curves.  rn  was  calculated  with  the  OCVD  results  in  Fig.  8a 
according  to  the  following  equation  [28]: 


kBT(  dUpA 

e  V  dt  ) 


(1) 
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Table  1 

Summarized  performance  of  the  DSSCs  based  on  NR-NC,  SP-NC,  and  pure  NC-Ti02 
films. 


Samples 

Jsc 

(mA  cm  2) 

Voc 

(V) 

FF 

ri(%) 

Thickness 

(pm) 

Adsorbed 
dye (xlO  8 
mol  cm-2) 

NR-NC 

18.47 

0.70 

0.47 

6.10 

12.0 

12.07 

SP-NC 

12.95 

0.68 

0.51 

4.45 

11.8 

10.37 

NC-Ti02 

11.28 

0.72 

0.48 

3.82 

12.3 

13.16 

where  /<b  is  the  Boltzmann  constant,  T  is  absolute  temperature,  e  is 
the  electronic  charge,  and  dV0c/dt  is  the  derivative  of  the  transient 
open-circuit  voltage. 

Fig.  8b  shows  the  Tn-Voc  relation  curves  of  cells  made  from  the 
NR-NC  and  SP-NC  films.  It  can  be  clearly  seen  that  the  exciton 
lifetime  (in)  shows  an  exponential  dependence  on  the  V0c»  and  at 
any  given  V0c  the  exciton  lifetime  (in)  of  the  cell  based  on  the  NR-NC 
film  is  longer  than  that  of  the  cell  based  on  the  SP-NC  film. 
According  to  Zaban’s  model,  the  exciton  lifetime  is  mainly  affected 
by  the  surface  state  traps  in  mesoporous  Ti02  films  [29].  Since  the 
NR-NC  and  SP-NC  photoelectrodes  have  the  same  NC-Ti02  under¬ 
layers,  one  may  conclude  that  the  NR-TiC^  overlayer  has  fewer 
surface  state  traps.  It  has  been  reported  that  Ti02  nanorods  have 
better  electron  transport  ability  than  TiCb  particles  due  to  the 
presence  of  fewer  surface  state  traps  [30—32].  For  the  SP-NC, 
increased  grain  boundaries  may  increase  surface  state  traps,  and 
thus  reduce  the  exciton  lifetime,  resulting  in  relatively  low 


Fig.  7.  Diffused  reflectance  spectra  of  the  NR-NC,  SP-NC,  and  pure  NC-Ti02  films  (a) 
without  and  (b)  with  adsorbed  N719  dye. 
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Fig.  8.  (a)  Open-circuit  voltage  decay  curves  of  the  DSSCs  with  NR-NC  and  SP-NC  films; 
(b)  exciton  lifetime  as  a  function  of  open-circuit  voltage  of  DSSCs  with  NR-NC  and  SP- 
NC  films. 

photocurrent  and  efficiency.  Therefore,  use  of  the  NR-Ti02  as 
a  light-scattering  layer  is  also  favorable  for  prolonging  the  exciton 
lifetime  and  reducing  the  photoelectron  recombination. 

4.  Conclusions 

Bilayer-structured  photoelectrode  films  derived  from  spherical 
Ti02  nanorod-aggregate  overlayers  and  nanocrystalline  Ti02 
underlayers  were  fabricated  and  the  effect  of  spherical  TiCb 
nanorod-aggregate  light- scattering  layers  on  the  performance  of 
DSSCs  was  investigated.  Spherical  Ti02  nanorod  aggregates  with 
high  surface  area  used  as  the  light-scattering  layer  not  only 
enhanced  light  scattering  without  sacrificing  accessible  surface 
area  for  dye  adsorption,  but  also  prolonged  exciton  lifetime. 
Compared  with  the  traditional  DSSCs  with  200  nm-diameter  solid 
Ti02  particles  as  the  light-scattering  layer,  the  energy  conversion 
efficiency  and  short-circuit  photocurrent  density  of  DSSCs  using 
spherical  Ti02  nanorod  aggregates  as  the  light-scattering  layer 
were  improved  by  37.1%  and  42.6%  respectively. 
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